Introduction
Glucose and inorganic phosphate affect development of mouse embryos in vitro, acting in both an inhibitory and stimulatory manner. CF-1, CD-1 and F 2 mouse embryos react to these constituents in different ways. Embryos of CF-1 and CD-1 mice, two random bred strains from different genetic backgrounds that show developmental blocks in traditional embryo culture media, are able to develop in vitro if inorganic phosphate is removed from the culture medium, regardless of the presence or absence of glucose (Scott and Whittingham, 1996) . Glucose has a stimulatory effect on the later developmental stages of many mouse strains (Brown and Whittingham, 1992; Gardner and Sakkas, 1993; Chatot et al., 1994; Scott and Whittingham, 1996) and specifically in CF-1, CD-1 and F 2 strains (L. Scott and D. G. Whittingham, unpublished) . However, if CF-1 or CD-1 embryos are grown initially without glucose and inorganic phosphate and these constituents are introduced into the culture system before the eight-cell stage, the embryos stop growing and become atretic. At later developmental stages the introduction of glucose is beneficial (Brown and Whittingham, 1992; Gardner and Sakkas, 1993; L. Scott and D. G. Whittingham, unpublished) . It has also been shown that there is a concentration effect of both glucose and inorganic phosphate on mouse embryos, which is strain-dependent (L. Scott and D. G. Whittingham, unpublished) .
The mechanisms responsible for the inhibition and retardation of development operate at the level of metabolism of the embryo. In early development, mouse embryos rely on the tricarboxylic acid cycle (TCA) for energy production, primarily using pyruvate as a metabolic substrate. The switch to glycolysis occurs after the embryonic genome has been activated, at or close to compaction (Brinster, 1965a,b; Biggers et al., 1967; Leese, 1991; Gardner and Sakkas, 1993) . The inability of the embryo to use glucose is due to the low concentrations of phosphofructokinase that are present in early embryos. Embryos are able to take up glucose, which is then phosphorylated by hexokinase, using energy, but it cannot be metabolized further owing to the lack of phosphofructokinase (Houghton et al., 1996) . This situation results in a depletion of ATP and a build up of glucose, which cannot be used. This activity is driven by the presence of inorganic
Role of facilitative glucose uptake in the glucose-inorganic phosphate-mediated retardation and inhibition of development in different strains of mouse embryos
Mouse embryos from different strains develop differently in vitro depending on the composition of the culture medium, and in particular on the presence or absence of glucose and inorganic phosphate. Glucose is both stimulatory and inhibitory in certain conditions. Glucose uptake by cells can be passive, down concentration gradients, or active, through sodium driven pumps, or can occur through facilitative transport. This study investigated the effects of inhibition of facilitative glucose transport on the glucose-inorganic phosphate-mediated blocks in development in three different strains of mouse embryo, CF-1, CD-1 and an F 2 hybrid. Development of CF-1 and CD-1 embryos is blocked in medium containing glucose and inorganic phosphate but not in medium containing glucose alone, and F 2 embryos are not affected.
Inhibition of facilitated glucose transport to the eightcell-morula stage in CF-1 and CD-1 embryos resulted in development in medium containing both glucose and inorganic phosphate, indicating that the prevention of facilitative glucose uptake can overcome the developmental block. Removal of inhibition before the eightcell-morula stage resulted in total arrest of CF-1 embryos and minimum development of CD-1 embryos. F 2 embryos are not affected by inorganic phosphate and glucose and showed no response to the transporter inhibitor at any stage. These data support the contention that facilitated glucose transport is active in embryos, is phosphatedependent and that its inhibition can overcome the glucose-inorganic phosphate-mediated developmental blocks in mouse embryos.
phosphate, the absence of which allows the feedback regulation of hexokinase by its end product, glucose-6-phosphate. Glucose can enter an embryo through three mechanisms: (i) passive transport down a concentration gradient, primarily using water channels, (ii) facilitated entry using facilitated transport molecules; and (iii) active transport through specific glucose pumps. Embryos take up glucose in both a passive and facilitative manner from the one-cell stage (Gardner and Leese, 1988; Leppens-Luisier et al., 2001 ), but do not use active transport, which is sodiumdependent, until the morula-blastocyst stages (Chi et al., 1993; Pantaleon et al., 1997; Carayannopoulos et al., 2000) . There are many isoforms of the glycoproteins that form the facilitative, non-active, sodium-independent glucose transport system; glucose transporter 1 (GLUT-1), GLUT-2, GLUT-3 and GLUT-8 have been described in mouse embryos. The exception is GLUT-4, which is sodiumdependent, but this isoform has not been found in preimplantation mammalian embryos (Hogan et al., 1991) . Each transporter is active at different times. GLUT-1 is active throughout development (Carayannopoulos et al., 2000; Pantaleon et al., 2001) . GLUT-1 is distributed uniformly throughout the embryo at precompaction stages, localizes to the outer membrane surfaces in the blastocyst and is found predominantly in the nuclei of cleaving embryos (Pantaleon et al., 2001) . GLUT-2 is active from the eight-cell stage onwards (Aghayan et al., 1992) . GLUT-3 is active in four-to six-cell embryos, in which it is uniformly expressed, and in morulae and blastocysts (Hogan et al., 1991; Chi et al., 1993; Pantaleon et al., 1997; Moley et al., 1998; Leppens-Luisier et al., 2001) , in which it localizes to the outside membranes, specifically to the apical region of the blastocyst (Pantaleon et al., 1997) . GLUT-8 is expressed in blastocysts (Carayannopoulos et al., 2000) . Once an embryo compacts at the 8-18-cell stage it has two sets of cells, those on the inside and those on the outside. It has been shown that two groups of glucose transport mechanisms are functional in both human and mouse morulae and blastocysts. The outside cells have a facilitative, phloretinsensitive mechanism and the inside cells have a sodiumdependent active transport mechanism (Chi et al., 1993) . The facilitative mechanism is controlled by GLUT-3 (Pantaleon et al., 1997) and GLUT-8 (Carayannopoulos et al., 2000) , and the function of these mechanisms is an essential step in blastocyst formation, independent of the presence of glucose and its metabolism, as can be shown by the formation of blastocysts in the absence of glucose (Brown and Whittingham, 1992; Scott and Whittingham, 1996) . The expression and function of both facilitative, and later active, transport of glucose in preimplantation embryos is essential for both metabolism and development.
Different strains of mouse embryos react differently to the combined presence of glucose and inorganic phosphate (Chatot et al., 1990 (Chatot et al., , 1994 Brown and Whittingham, 1992; Scott and Whittingham, 1996) or to different concentrations of these constituents (L. Scott and D. G. Whittingham, unpublished) , with developmental blocks at various stages. It has been shown that oocytes and embryos exposed in vivo to altered glucose states in diabetic mice have poor developmental potential. Furthermore, these embryos have fewer GLUT-1, -2 and -3 proteins (Moley et al., 1998) . It was hypothesized that pronuclear stage embryos of strains of mice that are sensitive to glucose and inorganic phosphate have either an overinduction of facilitative glucose transport when they are placed in culture or they loose the ability to control the uptake of glucose when isolated from the oviductal environment. In the present study, the interactions among glucose, facilitative uptake of glucose and inorganic phosphate in the developmental block at the two-cell stage, and continued development of three genetically distinct strains of mouse embryo were investigated using an inhibitor of facilitative glucose transporters.
Materials and Methods

Animals
Male and female CF-1 and CD-1 mice, male C57Bl/6NCr mice and female C3H/HeNCr mice were purchased from Charles River Laboratories (Richmond, VA). All F 1 hybrids were generated from the male C57Bl/6NCr and female C3H/HeNCr mice. CD1 and F 1 mice of 3.5-4.0 weeks of age were superovulated with 7.5 iu chorionic gonadotrophin (G-4877; Sigma Chemical Company, St Louis, MO) followed by 7.5 iu hCG (CG5; Sigma) 44-48 h later, and were mated to proven stud males of the same strain. Eightto ten-week-old CF-1 female mice were superovulated using 10 iu chorionic gonadotrophin followed by 7.5 iu hCG. The mating of F 1 (C3H/HeNCr ϫ C57Bl/6NCr) mice generated F 2 embryos.
Media
All the culture media used have been described by Scott et al. (1993) and Scott and Whittingham (1996) . The media consisted of a modified Earle's balanced salt solution without glucose or phosphate but with added EDTA (0.11 mmol l -1 ), pyruvate (0.33 mmol l -1 ) and glutamine (1.0 mmol l -1 ) as the basic medium (EMO). The basic medium was modified by the addition of 2.78 mmol glucose l -1 (EMG) or 2.78 mmol glucose l -1 plus 1.32 mmol inorganic phosphate l -1 as the sodium salt (EMGP). All media were made from stock solutions and supplemented with 3 mg polyvinyl alcohol ml -1 (PVA) (P-8136; Sigma).
The glucose transporter inhibitor phloretin specifically inhibits the facilitative uptake of glucose in many types of cells (Lawrence et al., 1990) and in particular in preimplantation embryos (Gardner and Leese, 1988) . Phloretin (P7912; Sigma) is insoluble in an aqueous solution, therefore dimethylsulphoxide (DMSO) (D-2650; Sigma) was used as a carrier. A stock solution of 27 mg phloretin in 0.1 ml DMSO was prepared and this solution was diluted to 1 ml in EMO (25 mg ml -1 , 10.0 mmol l -1 ). This solution was used to make up media containing various concentrations of phloretin from 0.005 to 1.0 mmol l -1 in EMG (2.78 mmol glucose l -1 ) or EMGP (2.78 mmol glucose l -1 plus 1.32 mmol inorganic phosphate l -1 ).
As DMSO was used as the carrier for the phloretin, control media were prepared using EMG plus DMSO at concentrations of 0.1% (v/v) and 0.05% (v/v) to test the effects of DMSO on the development of embryos in vitro. These concentrations were five and ten times greater, respectively, than the amount of DMSO added with phloretin to the culture medium.
Embryo collection, culture and scoring All procedures have been described by Scott and Whittingham (1996) . Female mice with vaginal plugs were killed at 18 h after hCG and the oviducts isolated into small drops of EMO under warmed equilibrated light mineral oil (0121-1; Fisher Scientific, Pittsburgh, PA). The cumulusoocyte complexes were released directly into EMO containing 0.2 mg hyaluronidase ml -1 (H3506; Sigma) and the embryos freed by gentle pipetting with a pulled pipette. The embryos were washed through 3 ϫ 2 ml rinses of EMO and then placed in groups of ten embryos per 10 µl drop of the medium to which they were designated.
At 48, 72, 96 and 120 h after hCG (30, 54, 78 and 102 h of culture) the embryos were scored for stage of development using an inverted microscope with a heated stage and differential contrast optics at magnifications of ϫ 310 and ϫ 520, and a video recorder to minimize the time required for scoring. At each time point embryos had to be at the following minimum developmental stage to be scored as surviving: two-cell at 48 h, four-cell at 72 h, eightcell-morulae at 96 h, blastocysts at 120 h. Embryos that had not reached these stages or were fragmenting or compacting with too few cells (< 8) were scored as non-survivors (Scott and Whittingham, 1996) .
Statistical analysis
Means, standard errors, ANOVA and chi-squared analysis were performed using Statistix 4.0 (Analytical Software, St Pauls, MN).
Results
Control cultures
Embryos from the three strains were grown in EMO, EMG and EMGP from the one-cell to the blastocyst stage (120 h after hCG; 102 h of culture) and development was recorded at 72, 96 and 120 h after hCG. Twenty embryos per type of medium were used in each replicate and the experiments were repeated five times concurrently with the early development studies with phloretin (see below). CF-1 embryos showed equivalent development in EMO and EMG, but no development in EMGP (Fig. 1) . CD-1 embryos showed the same developmental pattern with minimum development in EMGP (Fig. 1) . F 2 embryos developed equally as well in all three media (Fig. 1) . These data indicate that CF-1 and CD-1 embryos, but not F 2 embryos, are sensitive to the combined presence of glucose and inorganic phosphate but not glucose alone, as shown by Scott and Whittingham (1996) .
DMSO controls
Control experiments were carried out to test for any negative effects of the DMSO used to solublize the phloretin. Pronuclear and two-cell CD-1 embryos were cultured in modified EMO containing 0.5 mmol glucose l -1 plus 0.1% or 0.05% (v/v) DMSO.
For pronuclear CD-1 embryos, modified EMO plus 0.05% or 0.1% (v/v) DMSO resulted in 76% (23/30) and 73% (22/30) fully expanded blastocysts at 120 h after hCG, respectively. The development of two-cell CD-1 embryos in modified EMO plus 0.05% or 0.1% (v/v) DMSO resulted in 80% (24/30) and 87% (26/30) expanded blastocyst formation, respectively. These results indicate that the DMSO was not toxic to the embryos.
Inhibition of facilitated glucose transport and development
Phloretin treatments. Initially, increasing concentrations of phloretin in EMGP were tested with F 2 embryos. The concentrations of phloretin chosen were 0.01, 0.05, 1.0 and 1.0 mmol l -1 based on those used by Gardner and Leese (1988) . Concentrations of 1.0, 0.1 and 0.05 mmol phloretin l -1 in continuous culture from the one-cell stage were toxic to F 2 embryos (data not shown). With a concentration of 1.0 mmol phloretin l -1 the embryos lysed, and at 0.1 and 0.05 mmol l -1 the first cleavage division was inhibited or the F 2 embryos began to fragment. Thus, concentrations of 0.005 and 0.01 mmol phloretin l -1 were used in the rest of this study.
Early development. Pronuclear CF-1, CD-1 and F 2 embryos were cultured in EMG or EMGP with 0.01 or 0.005 mmol phloretin l -1 to investigate the role that facilitative glucose transport plays in embryo development. Zygotes were isolated at 18 h after hCG and incubated in phloretin for 4, 6, 30 (48 h after hCG) or 54 (72 h after hCG) h and then washed through 3 ϫ 2 ml rinses of EMG or EMGP before being placed in 10 µl drops of EMG or EMGP for continued culture. Embryo development was scored at 72, 96 and 120 h after hCG.
When CF-1 zygotes were incubated in EMG with either concentration of phloretin for 4 or 6 h and returned to EMG there was a significant reduction in the number of embryos progressing to the eight-cell stage (72 h after hCG) (Table 1) compared with controls ( Fig. 1 ; 53% and 55% versus 95%; P < 0.01). In the embryos that did not progress to the eightcell stage, development was blocked at the two-cell stage. Most of the embryos that cleaved to the four-cell stage formed blastocysts, but the proportion was reduced compared with that for controls (42% and 45% versus 75%; P < 0.01) or when the embryos were grown without glucose (EMO, 75%; P < 0.01).
When CF-1 embryos were grown in EMG plus phloretin from the one-to the two-cell stage (18-48 h after hCG, 30 h of culture), and then moved to EMG, only one-third progressed beyond the four-cell stage. In the remaining embryos, development was blocked at the two-cell stage. Only half of the eight-cell embryos progressed to the blastocyst stage in either 0.01 or 0.005 mmol phloretin l -1 (P < 0.001 compared with controls; 17% and 22% versus 75%).
When the embryos were grown in either 0.01 or 0.005 mmol phloretin l -1 54 h (72 h after hCG) there was a reduction in embryo development compared with that in control cultures at 72 h (68% and 65% versus 95%; P < 0.05). When the embryos were moved from 0.01 mmol phloretin l -1 to EMG at 72 h, half of the embryos arrested or became atretic, and there was a significant reduction in blastocyst development, compared with controls (28% versus 75%; P < 0.01). When the embryos were moved from 0.05 mmol phloretin l -1 at 72 h there was a smaller but significant reduction in blastocyst development (47% versus 75%; P < 0.05).
Culture in EMGP with phloretin for 4 or 6 h followed by culture in EMGP resulted in minimum development to the four-cell stage and no blastocyst development, which was not different from the control results. After 30 h of incubation in either 0.01 or 0.005 mmol phloretin l -1 , significantly more embryos developed to the eight-cell-morula stage compared with controls (37% and 49% versus 10%; P < 0.001) but there was minimum development to the blastocyst stage. When CF-1 embryos were cultured in either 0.01 or 0.005 mmol phloretin l -1 in EMGP for 54 h (72 h after hCG) and returned to EMGP there was a significant increase in development to the blastocyst stage compared with that in control embryos cultured in EMGP (52% and 48% versus 0%; P < 0.001). Although the extent of blastocyst formation was not as great as that seen with EMO (75%) or EMG (75%), the result was still significant (P < 0.01).
Culturing CD-1 embryos (Table 2 ) for 4 or 6 h in either concentration of phloretin in EMG resulted in a halving of blastocyst development (37-48% blastocyst development) compared with that in control cultures (86% blastocyst development) (P < 0.01). When embryos were cultured to the two-cell stage, 30 h of culture, there was significant reduction in overall development and minimum blastocyst development (13% and 22% versus 86%; P < 0.001). After and glutamine (1.0 mmol l -1 ). EMG and EMGP: EMO modified by the addition of 2.78 mmol glucose l -1 (EMG) or 2.78 mmol glucose l -1 plus 1.32 mmol inorganic phosphate l -1 as the sodium salt (EMGP). Data represent the mean of five repeated experiments with 20 embryos per replicate; total of 100 embryos in each media. *P < 0.01 versus EMO; **P < 0.001 versus EMO. 54 h in phloretin followed by culture in EMG, development was equivalent to that seen in control cultures and there was no difference in results between the two concentrations of phloretin.
When CD-1 embryos were cultured in EMGP with phloretin for 4, 6 or 30 h followed by culture in EMGP there was no difference in development compared with that in control cultures (25%; Fig. 1 ), and development was significantly reduced compared with that obtained after culture in EMO (80%) or EMG (86%) (no inorganic phosphate). When the time in phloretin was increased to 72 h after hCG (54 h of culture), development was equivalent to that in cultures without inorganic phosphate (82% and 73% versus 80% and 86%), and significantly greater than that in EMGP (82% and 73% versus 25%; P < 0.001). There was no difference in results between the two concentrations of phloretin.
F 2 embryos appeared to show no response to phloretin: embryo development was equivalent in all systems and was not different from that in control cultures (data not shown).
Later development. CF-1, CD-1 and F 2 embryos were cultured in EMO for 30 or 54 h (48 and 72 h after hCG, respectively) and then placed in EMGP containing 0.01 or 0.005 mmol phloretin l -1 for further culture to 96 h after hCG, to study the importance of facilitative glucose transport at later stages of embryo development. At 96 h after hCG, the embryos were washed through 3 ϫ 2 ml rinses of EMGP and cultured in EMGP. The total number of expanded blastocysts at 120 h after hCG was recorded and compared with that in continuous cultures (Fig. 1) . All experiments were repeated five times with 20 embryos per group in each experiment giving a total of 100 embryos per treatment. The results are summarized (Fig. 2) .
When CF-1 embryos were grown from the pronuclear to the two-cell stage in EMO followed by culture in EMGP plus 0.01 or 0.005 mmol phloretin l -1 for a further 48 h (96 h after hCG) and then moved into EMGP, some blastocyst formation was observed (17% in 0.01 mmol phloretin l -1 and 28% in 0.005 mmol phloretin l -1 ). The extent of blastocyst formation was significantly lower than the percentage survival obtained with EMO and EMG (75% and 76%, respectively; P < 0.01; Fig. 1 ). When the embryos were cultured in EMO from the pronuclear stage until 72 h after hCG and then moved into EMGP plus phloretin for 24 h, followed by culture in EMGP, the percentage blastocyst formation was equivalent to that obtained with culture in EMG (62% and 70% versus 75%). The detrimental effects of glucose combined with inorganic phosphate were negated.
When pronuclear CD-1 embryos were cultured in EMO to the two-to four-cell stage (48 h after hCG) followed by 
(EMGP).
Asterisks indicate result is significantly different from controls: *P < 0.05; **P < 0.01; ***P < 0.001.
culture in EMGP plus phloretin until 96 h after hCG and then moved to EMGP, the extent of blastocyst formation at 120 h after hCG was no different from that obtained from continuous culture in EMGP (34% and 48% versus 25%, Fig. 1 ), but was lower than that with EMO (80%; P < 0.005) and EMG (86%; P < 0.001). When embryos were moved to EMGP plus phloretin at 72 h after hCG and then to EMGP at 96 h after hCG, the percentage blastocyst formation at 120 h (74% and 81%) was the equivalent to that in continuous culture in EMO (80%) or EMG (86%). The phloretin removed the glucose-inorganic phosphate effects. The survival of F 2 embryos was equivalent in all systems except that there was a small but significant (P < 0.05) increase in development when F 2 embryos were cultured in EMO for 48 h followed EMGP plus phloretin.
Viability of phloretin-treated embryos
A further set of CF-1 and CD-1 embryos was cultured in EMGP containing 0.005 mmol phloretin l -1 for 72 h and then moved to EMGP. The resulting blastocysts were transferred to pseudopregnant females. Embryos not exposed to phloretin, but cultured in EMO for the same duration, were transferred to the contralateral horn of the pseudopregnant host. The contralateral horn was chosen in an attempt to negate any effects the recipient may have had on implantation. It has been shown that embryos from all three strains result in viable offspring when cultured in EMO or EMG, and CD-1 and F 2 when cultured in EMGP (Scott and Whittingham, 1996) .
A total of 30 CD-1 and 30 CF-1 embryos cultured in EMO and 30 CD-1 and 30 CF-1 embryos cultured in EMGP plus 0.005 mmol phloretin l -1 were transferred to pseudopregnant females on day 3 or day 4 of pseudopregnancy. Six experimental CF-1 embryos and six control embryos were transferred to each of five recipient females, and five experimental and five control CD-1 embryos to each of six recipient females. The embryos were at the morula and blastocyst stages. Both control and test embryos of the same strain were transferred to the contralateral horn of each female.
Of the 11 pseudopregnant females used, eight became pregnant (73%), 5/6 carrying CD-1 embryos and 3/5 carrying CF-1 embryos. At day 18 of gestation the females were killed and the numbers of implantation sites and live fetuses were scored.
A total of 18 CD-1 control embryos implanted (72% of the embryos transferred to pregnant females) and 15 phloretin-treated embryos implanted (60%). The CF-1 embryos had a lower rate of implantation, but within the strains there were no differences between controls and test groups. Nine control CF-1 embryos implanted (60% of Values in parentheses: (SEM) at 120 h after hCG. EMG and EMGP: Earle's balanced salt solution with added EDTA (0.11 mmol l -1 ), pyruvate (0.33 mmol l -1 ) and glutamine (1.0 mmol l -1 ) and modified by the addition of 2.78 mmol glucose l -1 (EMG) or 2.78 mmol glucose l -1 plus 1.32 mmol inorganic phosphate l -1 (EMGP). Asterisks indicate result is significantly different from controls: *P < 0.05; **P < 0.01; ***P < 0.001.
those transferred to pregnant females) and eight experimental embryos implanted (53%). These results were not statistically different and indicate that the embryos grown without glucose or in the presence of phloretin were viable.
Discussion
The data presented here demonstrate that, in embryo strains that would normally show developmental arrest in medium containing glucose and inorganic phosphate (Scott and Whittingham, 1996) , the inhibition of facilitative glucose transport by phloretin before the morula stage can overcome the developmental block. There was no effect on F 2 embryos, which do not show glucose-inorganic phosphate-mediated blocks in development. Furthermore, embryos cultured in the presence of the transporter inhibitor phloretin were viable when transferred to pseudopregnant females. These results imply that glucose transport is involved in the glucose-inorganic phosphate-mediated developmental block in mouse embryos, as reported by Leppens-Luisier et al. (2001) , and that this involvement is dependent on embryo stage and strain.
The results reported here on inhibition of facilitative glucose uptake in the three strains of embryos demonstrate that the glucose-inorganic phosphate-mediated block at the two-cell stage and decreased development can be overcome, at least in part, when the facilitative uptake of glucose is inhibited. However, the mechanisms by which this occurs appear to be different in the three strains and is related to the developmental stage of the embryos and the medium composition.
The development of CF-1 and CD-1 embryos is not affected by glucose at a concentration of 2.78 mmol l -1 if there is no inorganic phosphate in the medium, but development is inhibited when inorganic phosphate is present (Scott and Whittingham, 1996) . When facilitated glucose transport was inhibited to at least the eightcell-morula-stage, development was not affected in medium containing both glucose and inorganic phosphate, indicating that the inhibition of facilitative glucose uptake can overcome the developmental block. When the inhibition of glucose transport was removed before the eight-cell-morula stage, CF-1 embryos stopped growing completely and CD-1 embryos showed minimum EMO for 24 h followed by 0.01 mmol phloretin l -1 ; group 2: EMO for 24 h followed by 0.005 mmol phloretin l -1 ; group 3: EMO for 48 h followed by 0.01 mmol phloretin l -1 ; group 4: EMO for 48 h followed by 0.05 mmol phloretin l -1 . Data represent the mean of five repeated experiments with 20 embryos per replicate; total of 100 embryos per treatment.
development. These findings indicate that the transporters are operational from early in development and begin functioning when the inhibitor is removed from the culture system. Both CF-1 and CD-1 embryos suffer the same shock at early stages of development when moved from glucoseand inorganic phosphate-free medium to medium with either glucose or both constituents before the stage at which they can metabolize glucose fully (L. Scott and D. G. Whittingham, unpublished) . The experiments in which the embryos were cultured without glucose or inorganic phosphate followed by culture with both constituents plus phloretin before the morula stage confirm this contention. F 2 embryos are not affected by inorganic phosphate and glucose and showed no response to the transporter inhibitor at any stage in development.
The developmental blocks shown in vitro by embryos from some mouse strains can be explained by the fact that mouse embryos cannot utilize glucose in glycolysis for energy production during the first few cleavage divisions. However, mouse embryos do take up glucose in both a passive and facilitative manner from the one-cell stage onwards in vitro, when placed in medium containing 1-5 mmol glucose l -1 (Barbehenn et al., 1974 (Barbehenn et al., , 1978 Gardner and Leese, 1988; Gardner and Sakkas, 1993) . Facilitative glucose uptake is mediated by a family of glucose transporters, the members of which are a highly homologous group of membrane-associated proteins (Bell et al., 1990; Kasanicki and Pilch, 1990) . Five isoforms have been described to date, each of which is found predominantly in certain types of tissue. The glucose transporter that is present in most tissues is GLUT-1. Fetal tissue relies predominantly on GLUT-1 for all glucose uptake. The work done by Gardner and Leese (1988) and more recently by Leppens-Luisier et al. (2001) indicates that mouse embryos contain at least one type of facilitative glucose transporter, which is operational from the one-cell stage onwards. It has also been shown at both a gene expression (Hogan et al., 1991) and a protein level (Aghayan et al., 1992 ) that mouse oocytes and mouse embryos at all the preimplantation stages of development contain GLUT-1 (Pantaleon et al., 1997 , 2001 Carayannopoulos et al., 2000; Leppens-Luisier et al., 2001) .
At the blastocyst stage, there is a form of active sodiumdependent glucose transport, which is localized in the inner cells, presumably for rapid transport of glucose to the inner part of the embryo (Chi et al., 1993; Carayannopoulos et al., 2000; Ibberson et al., 2000) . Another form of active glucose transport is present between the two-and four-cell stages in mouse embryos, as shown by inhibition with phlorazin, an inhibitor of sodium-dependent glucose transport (LeppensLuisier et al., 2001) . Even in the presence of phloretin, active transport of glucose occurs for this brief period. In the absence of inorganic phosphate, the small amount of glucose entering the embryos would enhance development, similar to results from pulse experiments in which both CF-1 and CD-1 one-cell embryos benefit from exposure to 2.78 mmol glucose l -1 for 5-60 min (L. Scott and D. G. Whittingham, unpublished).
Although GLUT-1 is the most common facilitative transporter for glucose and is expressed in all stages of embryo development, it is not localized on the cell surface in mouse embryos until compaction (Pantaleon et al., 2001) , at which stage the embryo begins to use glucose for metabolism. This is also true of the GLUT-2 and GLUT-3 isoforms, which appear as cleavage progresses (Hogan et al., 1991; Aghayan et al., 1992; Chi et al., 1993; Pantaleon et al., 1997; Moley et al., 1998; Leppens-Luisier et al., 2001) . In the present study, the phloretin may have had an effect on any of these isoforms as it was introduced after the two-cell stage but was removed at or before compaction, when the embryo requires glucose. Leppens-Luisier et al. (2001) used a system of continuous culture to the blastocyst stage to examine the role and transport of glucose. Similar to the findings of the present study and those of others (Chatot et al., 1990; Brown and Whittingham, 1992; Scott and Whittingham, 1996) , the presence of glucose and inorganic phosphate inhibited development to the blastocyst stage. When glucose was replaced by a non-metabolizable analogue, 3-0-methylglucose, there was no inhibition, the equivalent of having no glucose present. When the analogue replacing glucose was a form that could be taken up and phosphorylated (2-deoxyglucose), development was inhibited, indicating that both glucose uptake and energy depletion from phosphorylation are involved in the developmental blocks and delays observed in vitro with glucose. The inhibitor phloretin had no effect on the early cleavage stages but did inhibit the morula-blastocyst transition. This would presumably be due to the need for glucose for this transition when inorganic phosphate is present (Scott and Whittingham, 1996) as shown by Brown and Whittingham (1992) and Chatot et al. (1994) . This finding is in contrast to the current study in which the presence of phloretin did not affect the morula-blastocyst transition. In the study of Scott and Whittingham (1996) , inhibition of the morula-blastocyst transition was overcome when no inorganic phosphate was present in the medium. It was speculated that the inhibition occurred at pyruvate dehydrogenase, the activity of which is depressed with high concentrations of inorganic phosphate. In the present study, the embryos were always exposed to some glucose, which may have been sufficient to enable the transition to occur. Furthermore, the phloretin was removed at or before 72 h after hCG, when the transition would be occurring, and at which stage mouse embryos begin to metabolize glucose actively (Gardner and Leese, 1988; Leese, 1991; Gardner and Sakkas, 1993; Scott and Whittingham, 1996) . The purpose of the current study was to examine the role of facilitative glucose transport in the glucose-inorganic phosphate-mediated developmental blocks. As the introduction of either or both constituent after compaction did not affect development, and low concentrations of glucose without inorganic phosphate enhanced development (L. Scott and D. G. Whittingham, unpublished), continuing transport inhibition after compaction was considered necessary.
